A novel artificial magnetic conductor based on a low-profile implementation of a capacitively loaded resonant structure is presented, with increased performance in terms of miniaturisation. In addition, a comprehensive analysis of all the parameters involved in downsizing is provided, establishing a fair methodology for comparing the performance of different size reduction strategies.
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Introduction: Artificial magnetic conductors (AMCs) have been proposed to overcome the challenges of antenna miniaturisation. Some of the main applications of these types of structures allowing the enhancement of antenna performance are increased radiating efficiency and bandwidth, main-to-sidelobe ratio improvement and the suppression of surface waves [1] [2] [3] . The basic principle is to artificially create a perfect magnetic conductor, which enables in-phase reflection of incident fields, and to use this structure as a reflector or ground plane. Practical realisations of AMCs consist of a matrix of resonant unit cells forming a periodic structure. The unit cell size has to be sufficiently reduced (compared with the wavelength of operation) so as to be effectively seen as a homogeneous plane by the antenna [4] .
First proposals of AMCs were based on a 'mushroom' topology resonator, implementing a parallel LC structure [5] ; subsequently planar non-viased cells were proposed so as to reduce the complexity of fabrication [6] . Basic designs, such as the square patch cell, are ∼0.25λ eff [3] . In this Letter, a comparison between different miniaturisation strategies in the literature is provided and the main trade-offs are identified. Subsequently, a miniaturised novel planar unit cell is proposed and an analytical expression for resonance prediction is developed. The reflection coefficient is simulated and measured and then compared with an equally thick square patch unit cell design in order to determine the achieved level of miniaturisation.
AMC comparison methodology:
After the first designs, research work has been carried out in order to propose more complex resonating cell topologies with compact dimensions and thus increased homogeneity. Some of these include interdigital capacitors [7] , volumetric structures [8] , lumped element loading [9] and other engineered patterns [10, 11] . In Table 1 , a size comparison between different design strategies is provided (dimensions are indicated in terms of λ 0 ). From Table 1 , it can be seen that there are some trade-offs between different parameters involved in miniaturisation strategies: the complexity of the cell footprint and the use of lumped elements are inversely related to the ease of fabrication, whereas low-profile structures tend to have bigger cell dimensions. Substrate thickness is directly proportional to the area of the current loop responsible for the inductance behaviour in parallel LC models [12] ; therefore, for a fixed resonant frequency, thicker designs require smaller footprint areas [10] . However, thickness is seldom mentioned in the literature when related to AMCs miniaturisation. In Table 1 , the size is evaluated by taking into account the largest dimension in each unit cell surface. In this Letter, a novel planar unit cell for AMC applications is proposed with increased performance in terms of thickness, compactness and reduced implementation complexity. We focus on planar design strategies in order to guarantee the ease of fabrication and integration with low-profile antenna systems.
Proposed unit cell: The proposed unit cell is based on the capacitively loaded loop (CLL) concept [8] . From Table 1 , it can be seen that this resonant topology provides good performance in terms of thicknessfootprint area trade-off; however, a volumetric implementation is complex and still relatively thick compared with planar designs as in [7] or [11] . To overcome these drawbacks, a planar unit cell based on a 90°rotation of the loading capacitive structure in a double-layered CLL topology is proposed in Fig. 1 . Fig. 1 Top and front view of double-layered CLL resonators, volumetric design [8] (left) and planar proposal (right) and their equivalent circuit elements
The proposed cell is implemented using a two-layer substrate structure. The inductive behaviour of a parallel LC resonator is given by the current loop created between the ground plane and the mid-metal layer, and the capacitive loading is given by the π-network of capacitors formed between this and the top layer. Fig. 1 shows the actual connection between the intermediate strips and the ground plane; however, these vias are not essential to achieve the in-phase reflection behaviour, as in their absence the loop is closed by displacement currents. Previous research showed that via holes in AMC structures are responsible for surface wave suppression, thus achieving better matching performance in low-profile antenna applications [13, 14] ; therefore, the decision to include or exclude via holes would depend on the final application. In this Letter, we focus on a non-viased approach in order to simplify the practical implementation of the prototypes. Fig. 2 shows the implemented unit cell. Equivalent circuit model: A single unit cell terminated with PEC boundary conditions can be modelled as two transmission line sections with a central gap discontinuity and a top parallel plate structure (see Fig. 3 ). According to [15] , a microstrip gap discontinuity can be modelled as a π-network of capacities determined by C p and C g . These capacities are related to h 1 , ε 1 , w and s, by known expressions. Both the equivalent series inductance and the shunt capacitance of each microstrip section can be approximated by [12] 
and the top parallel plate capacitance is
The values of the equivalent reactive elements calculated in (1)- (3) allow us to analytically predict the resonance frequency of the unit cell
This model provides a starting point for the AMC design. However, a more accurate procedure using full-wave simulation tools is required in order to determine the reflection coefficient of this structure more precisely. A 10 × 27-cell prototype is implemented using etching techniques (Fig. 4) . The bottom layer is fabricated using a 1.496 mm height Arlon AD1000 substrate with ε r1 = 10.7 and the top layer is fabricated using a 50 μm Pyralux substrate with ε r2 = 3.4. The physical dimensions of one resonator are l = 6 mm, w = 2 mm, s = 0.8 mm and l t = 4.6 mm. To measure the reflection coefficient of the structure, the prototype is introduced in a FRANKONIA 250 GTEM cell and the measurement of the S 11 is carried out using a R&S ZVB20 network analyser. Subsequently, an equally sized copper plate is located in the same position, and the S 11 is measured using the same configuration, to establish a reference. Then, the phase of the AMC reflection coefficient is obtained considering a 180°phase shift compared with the reference. Fig. 5 shows both simulated and measured reflection coefficients. For the aforementioned design parameters, a resonance frequency of 2.55 GHz and a bandwidth of 100 MHz are obtained, considering the positive interference operation range (±90°).
Square patch AMC comparison: The largest dimension of the proposed unit cell is 0.051λ 0 and its overall thickness is 1.58 mm. To evaluate the level of compactness reached with the present proposal, a square patch unit cell AMC was designed and fabricated using the same substrate in order to establish a comparison with an equally thick AMC. A similar reflection phase is obtained for a unit cell length of 15.057 mm and a gap length of 0.41 mm (0.123λ 0 ). Fig. 6 shows both the simulated and the measured reflection coefficients. Conclusions: A novel compact AMC consisting of a CLL-based planar resonator has been presented, achieving a 40% reduction in the largest dimension, compared with a square patch AMC. Both designs have been simulated and measured, obtaining good agreement between the phases of both reflection coefficients. A small mismatch between simulated and measured resonance frequencies has been observed due to fabrication imperfections. A comparison between different miniaturisation strategies has been provided and a fair methodology has been proposed to establish the existing trade-offs between different design parameters. The proposed unit cell provides better performance in terms of the thickness-footprint area trade-off compared with all study cases except that of [9] ; however, our proposal has broader availability in terms of frequency range as it is not based on the use of discrete components.
